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INTRODUCnON 


Despite  60  years  of  intensive  research  on  mechanisms  of  sulfur  mustard  (HD) 
injury,  the  ultrastructural  pathology  of  HD-induced  toxicity  has  only  recently  been 
investigated.  The  first  subcellular  study  was  published  in  our  report  on  the 
iiltrastructure  of  the  pathogenesis  of  blister  formation  following  exposure  to  sulfur 
mustard  of  human-sli^  grafted  to  congenitally  athymic  nude  mice.'  This 
ultrastructural  analysis  allowed  us  to  effect  several  objectives:  1)  to  further 
delineate  the  histopathology  which  had  been  noted  earh'er  at  light  microscopy 
levels,  2)  to  identify  possible  mustard-induced  morphological  changes  which  may 
occur  during  the  latent  asymptomatic  phase,  and  3)  to  promote  our  understanding 
of  the  temporal  features  of  mustard  pathology  with  the  expectation  that 
prophylactic  and  therapeutic  strategies  might  be  morphologically  predictable.  Now, 
we  are  able  to  describe  and  compare  the  fine  structural  pathology  of  HD-induced 
toxicity  of  human  lymphocytes  in  vitro.^  human  keratinocytes  in  culture  and  a 
hairless  guinea  pig  model, ^  and  to  correlate  these  ultrastructural  pathologies  with 
those  associated  with  the  HD-induced  lesion  already  reported  for  the  human-skin 
grafted  to  congenitally  athymic  nude  mouse  model. 

MATERIALS  AND  METHODS 

We  used  standardized  ultrastructural  technology  to  study  by  transmission  and 
scanning  electron  nuCToscopy  the  subcellular  effects  of  HD  in  human  lymphocytes 
m  vitro,  human  keratinocytes  in  culture,  and  the  hairless  guinea  pig.  While 
doses  of  miistard  differed  according  to  the  dictates  of  individual  protocols  (human 
lymphocytes,  1x10^  molar  HD  for  24  hours;  human  keratinocytes  6x10^  molar  HD 
for  24  hours;  hairless  guinea  pig,  2.0  ul  HD  for  30  minutes),  all  specimens  were 
gathered  24  hours  following  exposure  and  were  processed  as  follows.  Control  and 
HD-exposed  human  lymphocytes  and  human  keratinocytes  were  rinsed  in  their 
respective  suspension  media  followed  then  by  three  10-minute  washes  in  O.IM 
sodium  cacodylate,  at  pH  7.34,  190  mOsm,  and  centrifuged  for  10  minutes  at 
250xG  at  20°C.  The  resulting  cell  pellet  was  fixed  for  one  hour  in  cacodylate- 
buffered  combined  aldehyde  fixative  of  1.6%  formaldehyde  and  2.5% 
glutaraldehyde.  Selected  skin  samples  of  the  hairless  guinea  pig  were  fixed  in 
buffered  4%  formaldehyde  and  1%  glutaraldehyde  for  48  hours.  Cells  and  skin 
samples  were  post  fixed  in  buffered  1%  osmium  tetroxide  for  one  hour,  dehydrated 
in  graded  ethanols  and  embedded  in  epoxy  resin.  Senuthin  sections,  1  micron 
thick,  were  differentiated  with  Humphrey’s  stain,'  and  observed  by  light  microscopy. 
Ultrathin  sections,  lOOnm  thick,  were  counterstained  with  uranyl  acetate  and  lead 
citrate  for  analysis  by  transmission  electron  microscopy  (JEOL,  1200EX). 

Remaining  samples,  not  embedded,  were  critical-point  dried,  sputter  coated  with 
gold  palladium  and  examined  by  scanning  electron  microscopy  (AMRAY,  1200B). 
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RESULTS 


In  the  hairless  guinea  pig  model  the  cellular  and  subcellular  effects  on  basal 
cells  of  the  stratum  germinativimi  and  the  generation  of  the  microblister  at  the 
dermal-epidermal  jimction  were  the  same  as  that  reported  for  the  human-skin 
grafted  model  (Fig.  1).  Boundaries  of  the  microblister,  components  of  the  roof  and 
floor  of  the  blister  cavity,  and  the  apparent  disabling  of  anchoring  filaments  of 
hemidesmosomes  in  the  formation  of  the  microblister  were  also  similar  (Fig.  2  ). 
Skin  basal  cell  degenerative  changes,  signalled  by  nuclear  condensations,  blebbing 
of  the  nuclear  envelope  and  defects  of  the  plasmalemma  at  the  perimeter  of  the 
microblister  progressed  to  paranuclear  cytoplasmic  vacuolations,  loss  of  cellular 
organelles,  lipid  inclusions,  increased  lysosomal  activity,  and  complete  cellular 
necrosis  at  the  center  of  the  microblister  (Fig.  3). 

In  the  case  of  human  lymphocytes  and  human  keratinocytes  the  HD-induced 
pathology  was  identical  to  that  of  the  basal  cell  of  the  skin  model  (Figs.  4,5).  An 
obvious  feature  of  isolated  cell  toxicity  was  loss  of  microvilli  and  disruptions  of  the 
plasmalemma.  These  were  especially  evident  upon  scanning  microscopic  study 
(Figs.  6,7).  Nuclear  chromatin  condensations,  blebbing  of  the  nuclear  envelope, 
interruptions  of  the  plasmalemma,  progressive  cytoplasmic  vacuolation,  loss  of 
cellular  organelles,  increased  lysosomal  activity  and  necrosis  were,  again,  persistent 
and  successive  ultrastructural  features  of  the  cascading  cellular  pathology  of  HD- 
induced  toxicity  (Figs.  8,9). 


DISCUSSION  AND  CONCLUSIONS 

The  results  of  this  study  would  suggest  that  the  ultrastructural  temporal 
features  of  HD-induced  toxicity  are  similar  and  persistent  within  the  human-skin 
graft  model,  the  hairless  guinea  pig  model,  human  lymphocytes  m  vitro,  and  human 
keratinocytes  in  culture.  In  the  sldn  studies,  development  of  apparent  initial 
nuclear  pathology  of  basal  cells  of  the  stratum  germinativum  was  followed  by 
progressive  cytoplasmic  changes  leading  to  eventual  death  of  affected  cells. 
Interruptions  of  the  anchoring  filaments  of  basal  cell  hemidesmosomes  at  the 
dermal-epidermal  junction  were  a  persistent  feature  of  the  pathogenesis  of 
microblister  formation.  In  the  case  of  the  human  lymphocyte  and  human 
keratinocyte,  although  sequential  events  could  not  be  established  in  this  single  time 
study,  the  apparent  developing  ultrastructural  pathology,  beginning  with  nuclear 
changes  and  subsequent  cytoplasmic  alterations  appears  identical  to  that  of  the 
basal  cell. 

It  is  not  possible  to  conclude  whether  the  ultrastructural  changes  observed  in 
this  study  are  specific  for  HD.  Basal  cell  responses  to  other  toxins,  such  as 
proteases  and  endogenous  toxins^’  indicate  that  the  basal  cell  may  respond 
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stereotypically  to  a  variety  of  insults.  Although  this  non-specific  response  may 
secondarily  initiate  the  loss  of  integrity  of  anchoring  filaments  of  the  dermal- 
epidermal  junction,  it  has  been  suggested  that  a  protease,  specific  for  anchoring 
filaments,  may  be  released  as  a  result  of  the  biochemical  changes  associated  with 
skin-mustard  toxicity.*  In  any  event,  it  points  to  the  vulnerability  of  the  basal  cell, 
as  well  as  the  dermal-epidermal  junction  of  the  skin  as  a  site  of  primary  lesion  in 
skin  pathologies. 

Responses  of  the  isolated  human  lymphocyte  and  human  keratinocyte  to 
similar  toxins  have  not  been  firmly  established.  However,  this  present  study  would 
indicate  that  the  response  of  these  isolated  cells  to  HD  and  other  toxins  would  be 
expected  to  be  similar  to  that  of  the  basal  cell. 

Additional  model  systems  useful  for  HD-toxicity  study  should  be  subjected  to 
similar  ultrastructural  investigations  with  the  anticipation  that  persistent  subcellular 
features  of  HD-induced  toxicity  may  prove  useful  in  predicting  and  measuring 
prophylactic  and  therapeutic  strategies. 
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Figure  2.  Scanning  electron  microscopy  of  the  dermal-epidermal  junction  of  hairless 
guinea  pig  skin,  A,B.  Non-blistered  skin;  epidermis  (Epi),  dermis  (D),  keratin  (K), 
hair  follicle  (Hf),  basal  lamina  (Bl).  C,D.  Microblistered  skin.  Microblister  cavity 
(Mb)  is  bordered  by  cells  of  the  epidermis  at  the  roof  and  the  basal  lamina  at  the 
floor. 
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Figure  3.  Transmission  electron  microscopy  of  hairless  guinea  pig  skin.  A.  Dermal- 
epidermal  jiuiction  of  intact  non-exposed  skin.  Basal  cell  (Be),  basal  lamina  (Bl), 
hemidesmosomes  (Hd),  nucleus  of  basal  cell  (N),  dermis  (D),  lamina  lucida  (LI), 
epidermis  (Epi).  B,C.  Dermal-epidermal  junction  at  the  periphery  of  a 
microblister  of  HD-exposed  skin  demonstrating  effects  on  bas^  cells  and  the 
disabling  of  anchoring  filaments  at  the  lamina  lucida.  Perinuclear  bleb  (Pb), 
nuclear  condensation.  (Nc),  cytoplasmic  vacuoles  (V),  anchoring  filaments  (Af), 
hemidesmosomes  (Hd).  D.  Center  of  the  microblister  cavity  showing  invading 
neutrophils  (Ne)  and  cellular  debris  (arrows). 


Figure  4.  Semithin  sections  of  epoxy  embedded  human  lymphocytes.  A.  Control 
sample.  Viability  as  determined  by  dye  exclusion  was  84%.  B.  HD-exposed 
lymphocytes.  Ultrastructural  changes  include  condensation  of  nuclear  chromatin, 
paranuclear  vacuolation  and  necrosis.  Viability  of  this  sample  was  30%. 
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Figure  5.  Semithin  epoxy  sections  of  human  keratinocytes,  A.  Control  sample. 
Cells  are  mitotically  active  and  demonstrate  a  viability  of  87%.  B.  HD-exposed 
human  keratinocytes  show  typical  HD-induced  changes  as  described  for 
lymphocytes.  Viability  of  this  group  was  47%. 
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Figure  6.  Scanning  electron  microscopy  of  human  lymphocytes.  A.  Control 
lymphocytes  showing  typical  surface  features,  including  abundant  microvilli  and 
uninterrupted  plasma  membrane.  B,C.  HD-exposed  lymphocytes  have  lost 
microvilli,  are  fragmented  and  present  many  perforations  of  the  plasma 
membrane.  D.  Higher  magnification  of  an  isolated  cell  showing  perforations  of  the 
plasma  membrane. 
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Figure  7.  Scanning  electron  microscopy  of  human  keratinocytes.  A,B.  Control 
ke'^atinocytes  showing  typical  surface  features,  including  abundant  microvilli  and 
uninterrupted  plasma  membrane.  C.  Survey  picture  of  keratinocytes  exposed  to 
FID.  Cells  have  lost  microvilli,  and  demonstrate  blebbing  and  irregularities  of  the 
plasma  membrane.  D.  F^igher  magnification  of  HD-exposed  keratinocytes  showing 
to  advantage  blebbing  and  perforations  of  the  plasma  membrane  and  loss  of 
microvilli. 
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Figure  8.  Transmission  electron  microscopy  of  human  lymphocytes.  A. 
Representative  cell  of  the  control  group  showing  typical  fine  structvual  features  of  a 
medium-sized  lymphocyte;  nucleus  (N),  nuclear  membrane  (Nm),  mitochondria  (M), 
plasma  membrane  (Pm),  ribosomes  (R),  microvilli  (Mv).  B,C  Lymphocytes 
exposed  to  HD  displaying  subcellular  changes  including  condensation  of  nuclear 
chromatin.  Webbing  of  the  nuclear  membrane  (Pb),  progressive  cytoplasmic 
vacuolations  (V),  increased  lysosomal  activity  (Ly),  Webbing  of  the  plasma 
membrane  (Cb),  and  perforations  of  the  plasmaJemma  (arrows). 
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Figure  9.  Transmission  electron  microscopy  of  human  keratinocytes.  A. 
Representative  cell  of  the  control  group  with  ultrastructural  features  typical  of  a 
keratinocyte  in  culture;  nucleus  (N)t  nucleolus  (Nu),  nuclear  membrane  (Nm), 
mitochondria  (M),  lysosome  (Ly),  endocytotic  vacuoles  (V),  tonofibrils  (T), 
microvilli  (Mv).  B,C.  Keratinocytes  exposed  to  HD  showing  similar  subceUular 
changes  as  seen  in  the  exposed  lymphocyte  to  include  loss  of  microvilli,  nuclear 
condensations,  progressive  cytoplasmic  vacuolations,  blebbing  of  the  nuclear 
membrane  (Pb),  loss  of  tonofibrils,  perforations  of  the  plasmalemma  (anows), 
increased  lysosomal  (Ly)  activity  and  lipid  (L)  deposition. 
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Canmander  1 

US  Amy  Medical  Research  Institute 
of  Infectious  Diseaise 
Bldg  1425 

Fort  Detrick,  MD  21701-5011 


Addresses 
Comnander 

US  Arny  Research  Institute  of 
EnviromnentaLl  Medicine 
Bldg  42 

Natick,  MA  01760-5007 

Comnandant  1 

US  Amy  Chemiccil  School 
ATIN:  ATZN-CM-C 
Fort  McClellan,  AL  36205 

Director  1 

Armed  Forces  Medical 
Intelligence  Center 
Fort  Detrick,  MD  21701-5004 

Comnander  1 

US  Amy  Institute  of  Dented. 

Research 
Bldg  40 

Washington,  DC  20307-5100 

Commander  1 

US  Amy  Institute  of  Surgical 
Research 
Bldg  2653 

Fort  Sam  Houstoi,  TX  78234-6200 

Commandant  1 

Acaderty  of  Health  Sciences 
US  Amy 

ATIN:  HaiA-CDC 

Fort  Sam  Houston,  TX  78234-6100 

Cenmandant  1 

Acaderry  of  Health  Sciences 
US  Amy 

ATIN:  HSHA-CEM 

Fort  Sam  Heuston,  TX  78234-6100 

Mr  Ihonas  R.  Dashiell  1 

Director,  Environmental  and 
Life  Sciences 

Office  of  the  D^xjty  Under  Secretary 
of  Defense  (Rsch  &  Adv  Technology) 
Room  3D129 

Washington,  DC  20301-2300 
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Ccnnander 

US  Arny  Training  and  Doctrine 
Ccmmand 
ATTN:  A3MD 
Fort  Monroe,  VA  23651 

Canmander  1 

US  Anry  Nuclear  and  CJiemiccil 
Agency 

7500  Backlick  Road 
Bldg  2073 

Springfield,  VA  22150-3198 

Biological  Science  Division  1 

Office  of  Naval  Research 
Arlington,  VA  22217 

Executive  Officer  1 

Navcil  Mediced  Research  Instltaite 
Naval  Medicine  Ccmmand 
National  Capital  Region 
Bethesda,  KD  20814 

USAF  School  of  Aerospace  1 

Medicine/VN 

Crew  Technology  Divisicxi 
Brooks  AFB,  TX  78235-5000 

Commander  27 

US  Amy  Medical  Research 

Institute  of  Chemical  Defense 
ATIN:  SGRD-UV-ZA 
SGRD-UV-ZB 

SGRD-UV-ZS  (2  copies) 
SGRD-W-RC  (5  copies) 

SGRD-UV-R  (13  copies) 

SGRD-UV-AI 

SORD-UV-D 

SGRD-UV-P 

SO®-UV-V 

SGRD-UV-Y 

Aberdeen  Proving  Ground,  MD 

21010-5425 


Department  of  Health  and 
Human  Services 

National  Institutes  of  Ifealth 
Ihe  National  Library  of  Medicine 
Serial  Records  Section 
8600  Rockville  Pike 
Bethesda,  MD  20894 

Stemson  Library  1 

Acadeny  of  Health  Sciences 

Bldg  2840,  Rm  106 

Fort  Sam  Iftxiston,  TX  78234-6100 

US  Amy  Research  Office  1 

ATIN:  Chemical  and  Bioltogical 
Sciences  Division 
P.O.  Box  12211 
Research  Triangle  Park,  NC 

27709-2211 

APOSIVNL  1 

Bldg  410,  Rm  A217 
Bolling  AFB,  DC  20332 

Ccmmander  1 

US  Amy  Chemical  Research, 
Development  &  Engineering  Ctr 
ATIN;  SMOCR-MIS 
Aberdeen  Proving  Ground,  MD 

21010-5423 
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